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Abstract

We give a fairly complete characterization of the exact components of a
large class of uniformly expanding Markov maps of R. Using this result, for
a class of Z-invariant maps and finite modifications thereof, we prove certain
properties of infinite mixing recently introduced by the author.
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1 Introduction

Uniformly expanding Markov maps of the interval represent a paradigm for chaotic
dynamical systems. They make a fairly large class of non-trivial maps, and possess
the standard ingredient for chaos, namely, hyperbolicity—insofar as expansivity can
be understood as the one-dimensional version of hyperbolicity. On the other hand,
they are simple enough to be more or less fully understood via the techniques of the
modern theory of dynamical systems; see the excellent textbook by Boyarsky and
Gora [BG].

In infinite ergodic theory, the analogues of such maps are the uniformly expand-
ing Markov maps of R (see, e.g., Fig. [l| further down). Not much is known about
them, at least to this author. We are especially interested in “translation indifferent”
maps, that is, maps whose local properties are uniformly bounded throughout R.
By way of counterexample, we are not interested in Boole’s transformation [AW],
which is very close to the identity outside of a compact set, or in Bugiel’s maps
IB1l, B2], which are designed to preserve a finite measure.

In this note we are concerned with the mixing properties of a very general class
of uniformly expanding Markov maps of the real line.

Initially, we consider the exactness property, which is a strong notion of mixing
that has the advantage of being defined in the same way in both finite and infinite
ergodic theory. We prove a series of results that characterize the ergodic and exact
components of a map in terms of its combinatorics relative the Markov partition.
The characterization is rather precise outside of the invariant set where the orbits
escape to +o0o. Understandably, the ways in which an orbit can escape are many
and not easily classifiable. With a few extra assumptions, however, we are able to
give a comprehensive description of the exact components of this set as well. A
byproduct of all these results is a number of easily checkable sufficient conditions
for the exactness of a uniformly expanding Markov map.

Later, we apply the notions of mixing for infinite-measure-preserving dynamical
systems (for short, infinite mizing) recently introduced by the author in [L4]. We
present these notions, within the present scope, in Section [4] below and refer the
reader to [L4, [LA, [L7] for a more thorough discussion. (The last reference, in par-
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ticular, uses a more intuitive notation and contains several results that are used in
this article.)

For this part, we specialize to a much narrower but still nontrivial class of maps.
We consider both quasi-lifts of expanding circle maps, i.e., piecewise smooth, trans-
lation invariant maps R — R, whose quotient on a fundamental domain is an
expanding map of the circle (see Fig. [2]), and finite modifications thereof, namely,
maps that coincide with a quasi-lift of an expanding circle map outside a bounded
domain (see Fig. |3). In both cases, we prove versions of global-local mizing and
global-global mizing. Very loosely, global-local mixing means that any global observ-
able (roughly, a bounded function) and any local observable (an integrable function)
decorrelate in time. Global-global mixing means that the same happens for any two
global observables.

Of course, we have stronger results for the more specialized class of systems, that
is, the quasi-lifts. In particular, we prove a property, denoted (GLM2), that can be
recast like this: For any global observable F' : R — C and any probability measure
v, absolutely continuous w.r.t. a reference infinite measure p, if 7'v denotes the
push-forward of v via the map 7™, then

lim T7w(F) = (F). (1.1)
where i(F') represents, in a sense that is specified below, the average of F' over R,
relative to . Thus can be regarded as a sort of weak convergence of T'v,
the statistical state of the system at time n, to the “equilibrium state” 7z, which is
independent of the initial condition v. The global observables play the role of test
functions.

We are unable to prove this strong property for all finite modifications of quasi-
lifts of circle maps, but we certainly believe it to be true for a large class of such
systems. For this reason, we give an example for which a very strong version of
(GLM2) can be indeed be proved. In a sense which will be explained below, cf.
Section this example represents a random walk in Z.

This is how the paper is organized. In Section [2| we introduce our maps and
present several results on their exact components, from the more general statements
to the ones that require extra assumptions. In Section [3|we focus on three subclasses
of maps: the quasi-lifts of expanding circle maps, their finite modifications and the
random walks. In Section [ we give our definitions of infinite mixing and apply them
to the systems of Section [3] The proofs of all the main results are found in Section
Bl The Appendix comprises two sections: in the first we discuss the importance of
some of our assumptions and in the second we place a standard distortion argument
used in Section [

Acknowledgments. I thank Stefano Isola and Jooyoun Hong for helpful discus-
sions, Sara Munday for her help during the preparation of the paper, and an anony-
mous referee for prodding me to make big and small improvements throughout the
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2 Setup and exactness

In this section we give the precise definition of our maps of interest and give a number
or results about their exactness properties. We start with a characterization of the
exact components which intersect the conservative part of the phase space. Their
complement, the ‘escape part’, has a more complicated dynamics: the results for
this part will require more assumptions, cf. (A5)-(A7) in Section [2.2]

Let (a;);ez be a collection of real numbers such that lim;_, ;. a; = o0 and
(A1) 360 > 0 such that 0 < aj11 —a; <6, Vj € Z.

Let I; := [aj,aj11]. We call {I;};cz a partition of R even though formally it is
not—the substance of what we discuss in this paper would not change if we made
the cleaner yet more cumbersome choice I; := [a;,a;41). Let us denote by .# the
o-algebra generated by the I;.

We consider 7' : R — R, a surjective Markov map relative to {I;}. More
precisely,

(A2) T|(4;,a,4,) has a unique extension 7; : I; — J;, which is twice differentiable
and bijective onto J; € .#. Equivalently, J; := Uzzku I, for some ky; < ky;.
Notice that the above implies that 7' is two-sided non-singular w.r.t. the Lebesgue
measure m. This means that, for all Borel sets A, m(T~*A) = 0 < m(A) = 0.
Let 77 and 7" denote, respectively, the first and second derivatives of ;. Then:
(A3) 3A > 1 such that |7]| > A, Vj € Z;

"

T
(A4) In > 0 such that |—2
(75)?

An example of a map satisfying (A1)-(A4) is shown in Fig. .

<n,Vjei

2.1 Classification of Markov intervals

Throughout the paper we use the following

Convention. All equalities/inclusions of subsets of R are intended mod m within
A, the Borel o-algebra of R. In particular, the strict inclusion A C B means
m(ANB) =0and m(B\ A) > 0.
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Figure 1: A uniformly expanding Markov map R — R.

For a Markov map, the elements of its Markov partition—in our case, the inter-
vals [;—can be classified in analogy with the states of a Markov chain; cf., e.g., [S|
Chap. VIII] or [G, Chap. 4]. In recalling the definitions below, we will say indiffer-
ently that the interval I; possesses a certain property or that the state j possesses
that property.

The transition matriz associated to T is the stochastic matrix P = Pp =
(pjk)jkez, where pj = m(T ‘I |I;). The surjectivity of 7" implies that, for ev-
ery k, there exists j such that p;; > 0. We denote by p?,? the entries of P". The
Markov property (A2) implies that

P >0 = m(T ") >0 <= T"I; D I, (2.1)
When the above occurs for some n € Z*, we say that the interval I}, is accessible
from I;, or that I; feeds Ij.

The intervals I}, I, (or the states j, k) are called communicating if each one is
accessible form the other. By convention, we declare that I; communicates with
itself. This establishes an equivalence relation on Z. The corresponding equivalence
classes are referred to as the (communicating) classes of T, and are denoted Z,,
with a € N, some countable set. We also call

Moo= | | I (2.2)
J€La

the set associated to Z.. 1f 7 is one (hence the only) communicating class, 7" is
called irreducible.
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If I, feeds some I}, but the viceversa does not hold, we say that I; is inessential.
It is easy to see that the property of feeding a state, or being accessible from a state,
carries over within a communicating class. So we say, for example, that a certain
class is accessible from [}, or it is inessential, etc. The states or classes that are not
inessential are obviously called essential.

An essential class Z, that is not accessible from any external states, that is, such
that j € Z, and k & Z, imply pgz) = pg;.l) =0, Vn,n; € Z*, is called isolated. The
index set of all isolated classes is denoted Nji,. An essential class that is fed by at
least one external state is called terminal. For example, Z, can be a terminal class
of the state k, or of the inessential class Zg, etc. Notice that an inessential state can
have more than one terminal class, or none—the latter possibility can occur because
the set of states is infinite. The index set of all terminal classes is denoted Ni,.

The integer

dji=ged. {n ezt [p§ >0} (2.3)

is called the period of I; (if the r.h.s. of is empty, set d; := 0). Since this defi-
nition is the same as for the Markov chain generated by P, we know |G, Thm. 4.2.2]
that two intervals in the same class have the same period. This will be henceforth
called the period of the class Z,, denoted d,. We say that the period of T is d if
d; =d, Vj € Z. We say that T'is aperiodic if it has period 1.

Finally, let us endow Z with a graph structure by declaring that an edge exists
between j and £ if and only if p;; + pr; > 0, that is, if TI; D I, or T'I;, O I;. This
is not the usual graphical representation of the transition probabilities, which is a
directed graph: it is its undirected version. It is easy to see that a communicating
class of T" and all the states feeding it are all contained in one connected component
of this graph. In fact, a connected component may contain more that one terminal
class, but only one isolated class (which, in that case, coincides with the connected
component). If there is only one connected component, we say that 7" is Markov-
indecomposable. Obviously, an irreducible T' is Markov-indecomposable.

2.2 Exactness properties

We denote by C and D the conservative and dissipative parts of T', respectively. It is
known that 77'C O C and T~'D C D (mod m, which is implicit by our convention)
[Al Chap. 1]. As is customary in the field of non-singular dynamical systems, a set
A is called invariant relative to T', or T-invariant, if T-'A = A. The set

I(A) =Ir(A) = | T 1A (2.4)

keZ+ keN
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is called the invariant hull of A w.r.t. T. It is the smallest T-invariant set containing
A. Let us define the following invariant sets:

ICD =Z(C) N Z(D); (2.5)
Z(C) \ Zep; (2.6)
ID :=Z(D) \ Zep; (2.7)

Since C and D are complementary, R = Z¢ U Zp U Zep. We may call Zo the
conservative-invariant part, Zp the dissipative-invariant part, and Zqp the mixed
part of R. We will see below how Zp also deserves the name of ‘escape part’.

Definition 2.1 In the present context, a set A C R is called an ergodic component
of T if m(A) > 0, A is T-invariant and A has no T-invariant subset of strictly
smaller measure. It is called an exact component of T if it is an ergodic component
and T'| 4 is exact.

Observe that the above is a rather stringent definition of ergodic component, not
allowing for zero-measure ergodic components, which can be defined via the Ergodic
Decomposition Theorem [Al §2,2]. On the other hand, the next proposition shows
that the union of all null invariant sets of Z(C) = Z¢ U Z¢p is negligible.

Given = € R, recall the definition of w(z), the w-limit set of x: it is the set of
all the accumulation points of (T"(x))nen [W], Chap. 5]. Call © the set of all z € R

with a non-empty w(x). Evidently, 2 is measurable and invariant.

Proposition 2.2 Q =7Z(C) = ZcUZep. Furthermore, § is decomposed mod m into
a countable number of (positive-measure) ergodic components.

PROOF. Section [Bl
The following results concern the exactness properties of T'|z, and T'|z.,.

Theorem 2.3 Under the assumptions (A1)-(A4), Zc is made up of at most count-
ably many ergodic components of T, denoted E,. (Here « is just a generic index;
see however Proposition ) The periods of all I; C E, are the same: we de-
note them d,. Also, E, splits into d, exact components of T , denoted E, ., with
0<i<d,—1 ZFEach E,; € M. These are ‘cyclic components’ of T in that
TEy; = FEai1, fori €{0,1,...,dy, — 2}, and TE, 4,-1 = Euyp.

PROOF. Section Bl

Corollary 2.4 The following holds:
(a) Ie € M.
(b) Every E, € M .
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(¢) Every I; C Ic belongs to an . -measurable exact component of T%.

(d) If T is Markov-indecomposable and aperiodic with a non-null Zc, then it is
conservative, irreducible and exact.

PROOF. Assertion (b) follows trivially from Theorem 2.3] So does (a) from (b).
Assertion (d) is also easy: if m(Z¢) > 0 then Z¢ contains at least one ergodic com-
ponent E,, which contains at least one interval I;. The Markov-indecomposability
of T' implies that E, = Zr(;) intersects Iy, Yk € Z. But E, € .#, whence E, = R,
which cannot be split in smaller cyclic components by aperiodicity. Therefore, T
is irreducible and exact, and R = C. Finally, not only does (c) follow from the
theorem, as is apparent, but the viceversa holds as well. This will be shown in the

proof of Theorem in Section [ Q.E.D.

As intuition suggests, the ergodic components of 7" have much to do with the
communicating classes introduced in Section 2.1l In the remainder of this section
we will establish relations between the two. For the moment, let us remark that the
set of all states that either belong to or feed an essential class does not necessarily
equal Z, for there might be inessential states which have no terminal class. The
collection of all the latter states will be denoted Z.

The next two propositions assume (A1)-(A4) and use the notation of Section [2.1]
They will be proved in Section

Proposition 2.5 Fach ergodic component E, C C equals M, cf. , for some
a € Ni,. (Hence the integer d, of Theorem is the period of Z,.) Viceversa, if
a € Ny, and #2Z, < 0o, then M, is an ergodic component E, C C. If a € Ny, and
#7., = 0, then M, is either an ergodic component E, C C, or a T-invariant subset
OfID.

For a € Ny, set

Ey:=JT7"M.; (2.8)
neN
Ty = T|ag, - My — M, (2.9)

Observe that the definition (2.8)) is consistent with the statements of Proposition
, that is, with the case a € Ni5,. In such case, in fact, (2.8)) reduces to E, = M,,.

Proposition 2.6 Fach ergodic component within Zep is of the form E,, cf. (@,
for some o € Wyer. Also, M, CC, E, \ M, C D, and, for a.e. x € E,, w(x) = M,.
The map T, defined in 18 conservative and ergodic, and M, splits into d, exact
components of T | which are cyclic in the sense of Theorem (again, d, is the
period of Z,).

Viceversa, if a € Nior and #7Z., < 00, then E, is an ergodic component contained
i Lep, with the above properties. If a € Wiop and #7Z, = oo, then E, is either an
ergodic component contained in Lep, with the above properties, or a T-invariant
subset of Ip.
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Corollary 2.7 C € ./ .

PROOF. Propositions and show that Zep N C is the union of a countable
number of M, € .4, with a ranging in a subset of W.,. But C = Z¢ U (Zep N C).
Corollary [2.4)(a) completes the proof. Q.E.D.

Notice that the ‘mixed ergodic components’ E, C Zp need not be .#Z-measurable.
For example, if j feeds both Z, and Zg, then part of I; will belong to E, and part
to Eﬁ.

Also observe that characterizing the exact components of T on the w-limit set
M, gives complete information about the exactness properties of 7" on F,. In fact,
if M,,; (0<i<d,—1) denote the exact components of 7% inside M,, then

Eoii= | T7" M, (2.10)

neN

are cyclic sets for T'|,, on each of which the (d,)" power of the map is exact. This
can be seen as follows. If A is a positive-measure subset of E, ;, there exist B C A,
m(B) > 0, and N € N such that, Vn > N, T"%B C M, ;. For all such n, however,
since T9% is exact on M, ;,

U T—kdadeaT’ndaB — Ma,ia (211)
keN
whence . ,
U T—]daT]daB — EO(,Z" (212)
JEN

Since B C A, (2.12)) holds as well with A in the place of B. This proves that any
positive-measure subset of E, ;, in the tail o-algebra of T  is the entire E,;.

Understandably, if the dynamical system preserves the Lebesgue or a similar
measure, the mixed part of the reference space, whose dynamics is dissipative in the
basin of attraction of a conservative set, must be null:

Proposition 2.8 If T preserves a measure j equivalent to m (this means, pu < m
and m < ), then Q = C. Equivalently: Zo =C, Ip =D, Iep = 9.

PROOF. Pick a function ¢ € L'(R, i) such that {(z) > 0, V2 € R. By definition of
2 and Prop. 1.1.6 of [A],

Qg{xER

D (oT"(x) = oo} = C mod p, (2.13)

n=0

i.e., 2 C C mod m. The reverse inclusion is obvious, and in any case implied by
Proposition [2.2] which also gives the other claims. Q.E.D.

We now come to Zp.
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Proposition 2.9 7p D |—|jeZoo I;.

PROOF. Every [; with j € Z., cannot intersect (hence be contained in) Z¢, other-
wise, by Proposition [2.5] it would be essential; and cannot intersect Z¢p, otherwise,
by Proposition [2.6] it would intersect E,, for some o € Wy,, implying that Z, is a
terminal class for j. Q.E.D.

A thorough description of the ergodic and exact components of Zp, like we have
for C and Z¢p via Propositions 2.5 and [2.6] is an arduous task. Counterexamples 1
and 2 of Section of the Appendix corroborate this intuition. But if we agree to
a few, simple, extra assumptions on Zp, the situation improves a great deal:

(A5) Jp > 0 such that, Vo € Ip, |T(x) — z| < p.
(A6) 36, € (0,0) such that, Vj € Z with m(I; NZp) > 0, 0, < aj41 — ay; cf. (Al).

We describe (A5) by saying that 7" has a bounded action on Zp. In view of (A1),
(A6) and (A2), this amounts to the existence of

Fi= max (koj — k1 +1). (2.14)

J
m(IjI"IID)>0

In other words, k € Z" is the maximum number of Markov intervals in J; = T},
for all j such that I; has a non-negligible intersection with Zp.

For all such j, (A7) assumes in addition that ki1j < j < kgj. In this case notice
that also ky; — k1; > 1, otherwise T'I; = I;, which is prohibited by (A3).

Remark 2.10 Of course, one does not know the set Zp a priori. One can however
ensure that (A5)-(A7) hold if, for instance, T" has a bounded action on the whole of
R, or on D; and if the conditions of (A6)-(A7) are verified for all j € Z, or at least
all j that do not belong to no essential class Z,, with #Z, < oo (cf. Propositions

and.

Theorem 2.11 Under the assumptions (A1)-(A5), Ip = Dioo U D_, where

Dy = {xER

lim T"(z) = :I:oo} :
n—oo

Both sets are clearly T-invariant. If (A6) holds, then m(Dio) € {0,00}. If (A7)
also holds, then each of the two sets is either null or an exact component of T'.

PROOF. Section Bl
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3 Examples

We can use the results of Section to find many examples of exact maps. We
first focus on the simplest cases that are not piecewise linear. This is done for the
purposes of Section [d] in which certain properties of infinite mixing are verified, for
the first time, for truly non-linear maps. After that, we discuss an important class of
piecewise linear maps, the random walks. They motivate the definitions of Section
and provide examples for the relevance of certain assumptions of Section [2.2

3.1 Quasi-lifts of expanding circle maps

Let us consider the case where the elements of the Markov partition have the same
size, e.g., I; := [aj,a(j+ 1)], for some a > 0, and T" acts in the same way on each of
them, that is, for « € I;, 7;(z) = 79(z — aj) + aj. This is equivalent to

Too=00T, (3.1)

where o(x) = o0,(z) = x + a. In other words, T is translation invariant (by the
quantity a). If 79 : Iy — Jy is bijective, twice differentiable with bounded second
derivative, expanding and such that Jy = [akyp,a(keo + 1)], with k1o < 0 and
koo > 0—cf. (A2)—it is easy to see that all the conditions (A1)-(A7) are verified.
See Fig. 2

Figure 2: An example of a quasi-lift of an expanding circle map.
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If S, is the circle constructed by identifying the endpoints of [0,a], and T, :
Se — S, is defined by T,(z) := T'(z) mod a, we observe that T, is a uniformly
expanding map of the circle, with bounded distortion and at most one non-regular
point, which happens to be a fixed point. It thus possesses a number of strong
stochastic properties. In particular, there exists an invariant measure p,, equivalent
to mg, the Lebesgue measure on S,, which makes (S,, t1,, T,) Bernoulli, with expo-
nential decay or correlations for a large class of observables, etc. These results are
proved, e.g., in [BGl Chaps. 5 & 8]. It may be worth remarking that 7, is irreducible
and aperiodic on S,, so it is exact by the same arguments proving Theorem [2.3]

T is a sort of lift of S, to R, which we might call quasi-lift. It is apparent that
T preserves i, the o-invariant measure whose restriction to [0,a) = S, is p,. Of
course, /4 is equivalent to m. If we set h, := dp/dm, the above statements read

h.“
o T .

for all z # aj (j € Z); and h,(x) = h,(x+a), hy(xz) > 0, for all z € R. An important
consequence of the invariance of p is that C = Z¢ and D = Zp (Proposition [2.8)).

A quasi-lift can be thought of as a Z-extension of Tj, that is, a self-map T,
of [0,a) X Z of the form Ty(y,7) = (Tu(y),j + ¢(y)), where ¢ : [0,a) — Z [A]
Chap. 8]. ¢ is called (by some) discrete displacement. In fact, set ¢(x) := k for all
x € IoNT~(I}) (these sets are intervals and partition Iy = [0, a), for k1 o < k < ko).
The map ¥(y,j) := aj + y defines an isomorphism between the measure spaces
([0,a) X Z, o ® Z) and (R, u), and one readily verifies that Ty = U1 o T o W.
Therefore, T}, preserves p, ® Z.

The quantity

1 a
By (6) =~ /0 bdu, (3.3)

will be called the drift of T'. Notice that there is no harm in using p instead of
in . We will do so throughout the paper.

The assumption (A7) imposes stringent conditions on ¢, making the present
systems special examples of Z-extensions of expanding circle maps. Quasi-lifts and
similar maps have often been used in nonlinear physics as toy models for normal and
anomalous diffusion; see, e.g., [ACIL [AC2], [K| [KHK], [SJ, Sect. 3.3], and references
therein.

Proposition 3.1 A quasi-lift of an expanding circle map, as defined above, is exact.
Furthermore, up to null sets, R coincides with C, Dy, or D_,, depending on the
drift E,(¢) being, respectively, zero, positive, or negative.

PRrROOF. This result is a corollary of the main theorem of [AD]. For a much simpler
proof, which is self-contained within the present paper, see Section
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3.2 Finite modifications of quasi-lifts

Slightly more complex examples than the quasi-lifts of circle maps are the so-called
finite modifications of quasi-lifts of circle maps. If T, is a quasi-lift as defined
earlier, T : R — R is a ﬁnite modification of T, if there exists k, € Z* such that
T(z) = T,(z), for all = & | |*° iZ_, ;. Finite, or local, modifications of translation-
invariant dynamical systems have been studied in more complicated contexts as well,
such as billiards [L1}, L2, [DSzV].

We assume that 7" verifies (A1)-(A7). Observe that if 7" is a finite modification
of T,, then T™ is a finite modification of 7}, which is a Z-extension by . In fact,
(A5) et seq. show that, if x € I;, T(x) can land at most x — 1 intervals away form

I;, hence, for all = # |_|ko_+7;g 'inl(),{ 1) I, T"(z) = T3 ().

Under certain condltlons a finite modification of a quasi-lift is also exact.

Proposition 3.2 LetT" be a finite modification of a quasi-lift of an expanding circle
map. It T verifies (A1)-(A7), is Markov-indecomposable and preserves a measure ji
equivalent to m, then it 1s exact.

PROOF. See Section [Bl

Remark 3.3 The significance of the hypotheses of Proposition is clarified by
Counterexamples 3 and 4 of Section of the Appendix.

Under slightly stronger conditions, 7" verifies a trichotomy similar to that of
Proposition for quasi-lifts. The statement of this result is relatively cumbersome
and requires terminology that is more appropriately introduced later. For this reason
we present it in Section [5] under the reference Proposition

We emphasize that the measure p of Proposition need not be the same
measure preserved by T,, which we henceforth call u,. However, by way of example
and in view of later application (cf. Proposition , we now present a method to
construct finite modifications of quasi-lifts of circle maps which preserve the original
measure.

To simplify things further, we assume that u, is the Lebesgue measure. The
general case can be worked out in a similar fashion. In view of the notation of Section
, 2}, indicate with 7,; the extension of To|(4;.a,,,) to I;, and set Jo; := 7,;(I;). Define
also J :={j € Z | J,; D Io}; notice that, by (A2), either J,; D Iy or J,; NIy = @
mod m. Now, pick a C? function ¢ : R — R{ that is compactly supported in
(ag,a1) = (0,a). For j € J, denote by ¢,; : J,; — I, the inverse function of 7,;,
and set ; 1= p,; + 0,1, which defines a function on J,;. Here (J;);ecz is a collection
of numbers so small, in absolute value, that ¢; is a monotonic, hence bijective,
function J,; — I;. (Recall that, by (A2), ¢,,; is monotonic on J,; D Ip.) Also,
they satisfy

Z sign(gpgj) 3; = 0. (3.4)

jeJ
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Finally, define 7; := goj_l, for j € J, and 7; := 7,;, otherwise. This determines
the map 7', except at the points a; = aj, which are negligible. An example of this
construction is shown in Fig. [3|

/
/

Figure 3: A finite modification of a quasi-lift of a circle map,
constructed with the procedure given in Section [3.2] for the case
Lo = M.

T verifies (A1)-(A2) and (A5)-(A7) by construction. If the ¢, are sufficiently
small, (A3)-(A4) are verified as well. As for the invariance of y, = m, the reader

can check that . .
_ , 35
2 TS 2 T (3:5)

yeT—{x} yeT, {x}

at least for all z ¢ aZ. This means that T" preserves the Lebesgue measure if and
only if T, does, which was assumed.

3.3 Random walks

A very special family of uniformly expanding Markov maps R — R is given by
those representing random walks in Z.

Let Q@ = (qjk)jkez be the transition matrix of a random walk in Z, namely,
¢;jr € [0,1] is the probability that the walker jumps from the site j to the site k.
In line with (A5), we assume that the walk only admits bounded jumps, i.e., there
exists & € Z* such that ¢;, = 0, for all |k — j| > & (although the construction we
give below can be easily adapted to the case of unbounded jumps, cf. [L6]).
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The map T' = T associated to the above random walk is defined as follows. For
j€Zand ke{j—Fk,j—r+1,....5+ K}, set

k-1 k
Jj+ Z QGis J+ Z sz'] ; (3.6)

i=j—R i=j—F

Ijk =

with the understanding that, when k& = j — kK, the first of the above sums is zero. So
{I jk}i:;—k is a partition of [j, j + 1] into intervals of length, respectively, {qjk}f:;?_k.
Notice that, if ¢jr = 0, I, reduces to a point. We exclude such degenerate intervals.
The complete collection {/;j}; ez is the Markov partition for our map. For x in the

interior of I, define

T(z):= L (ﬁ —J— ,Z, q]‘i) + k. (3.7)

For all other z, the definition of T'(x) is irrelevant. In other words, 7" maps L
affinely onto [k, k + 1], see Fig. [4]

Figure 4: A map T associated a random walk. The marks on
the abscissa indicate the Markov intervals [j;, while those on the
ordinate represent the intervals [k, k + 1].

A little thinking shows that, if we take a uniformly random z € (ko, ko + 1) \
Unen T 7"Z and look at its itinerary w.r.t. the partition {[k, k + 1]}rez, calling k, =
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k. (z) the unique integer such that 7" (z) € (kn, k, + 1), then (k,)nen is the random
walk on Z determined by the transition matrix Q and the initial state k.

Let us observe that Q is not the same as Py, the transition matrix associated to
the map 7', as presented in Section [2.1} They are however closely related. Denoting
by d;; the Kronecker delta, and using that I;, = [j,7 + 1] N T [k, k + 1], we get

Pik,juky = m(T ™ Ly, | L)
m([j, 7+ UNT [k k+1NT 2k, ky +1])

m([j,j + 1] N Tk, k + 1]) (3.8)

= 5j1,k
= 051,k Ak ky -

The map T always verifies the assumptions (Al), (A2), (A4) and (A5). If
sup;; ¢jx < 1, (A3) and (A6) are also verified.

On the other hand, (A7) cannot hold in great generality. In fact, it is verified
only if it amounts to the null condition.

Proposition 3.4 For a map T associated to a random walk such that sup; ;. qjx < 1,
(A7) can only hold if Ip is null.

PRrOOF. The Markov partition of 7" is {Ij;};%. Suppose by absurd that m(Zp) >
0. There exist j,k € Z such that m(l;, N Zp) > 0. If (A7) holds, TL;, D L.
However, by construction, 77, N [, = @ (mod m), Vj # k, whence j = k. Since
Ip = Dyoo UD_o and both sets are invariant (Theorem , the trajectories of
all x € I;; N Zp must eventually leave I;;, implying that m(l;, N Zp) > 0, for some
k # j. This contradicts what we have just shown. Q.E.D.

Remark 3.5 This proposition does not imply that—say—random walks with a
non-zero drift cannot be represented by maps satisfying (A7). They can, only not
w.r.t. the Markov partition {/;};. For example, consider the quasi-lift determined
by 7o(x) := 3z, where 7q is the branch of T defined on [0, 1] =: I, cf. Section
This map represents the homogeneous random walk ¢;; = ¢;j+1 = ¢jj+2 = 1/3,
Vj € Z. Clearly R = Zp = D, . Nonetheless, as discussed in Section [3.1} T' verifies
all (A1)-(AT7), relative to the Markov partition {I; = [j, j + 1]};ez-

The following simple result will be useful in the remainder.

Proposition 3.6 The map T associated to the random walk determined by Q pre-
serves the Lebesque measure m if and only if Q is doubly stochastic, i.e., ZjeZ Qjk =

1, Vk € Z.

ProOOF. We prove this simple proposition by means of the Perron-Frobenius oper-
ator P = Pp, which is the operator L'(R,m) — L*(R, m) uniquely determined by
the identity

/R (FoT)gdm — /R F(Pg) dm, (3.9)
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with F' € L*(R,m) and g € L'(R,m). It is well known [BG] that, for a.e. x € R,

P = Y A (3.10)

yeT—{z}

For T as in the statement of the proposition, this reads: for all k¥ € Z and z €
(k,k+1),
(Pg)(x) = D awg(mi'(2)) = > amglry (@), (3.11)
JEL JEZ

qjk>0

where, in accordance with the notation of (A2), 7, is the branch of T" defined on
Ijka cf. .

If we allow - to act on g € L™ as well, it is clear that T" preserves m
if and only if P1 = 1, with 1(x) =1 (see also ); that is, if and only if 3~ gjx = 1
for all k. Q.E.D.

Markov maps representing random walks are also useful in this paper for they
provide examples which clarify the importance of some of our earlier assumptions.
The reader is referred to Section of the Appendix.

4 Infinite mixing

In this section we consider the notions of infinite mixing introduced in [L4] and fur-
ther developed in [L7]. We first formalize them for the case of uniformly expanding
maps of the real line and then apply them to the examples of Sections [3.1] and

4.1 Generalities

Consider a “translation-indifferent” 7" : R — R. With this imprecise term we
mean that the relevant properties of T—e.g., expansivity, distortion—are uniform
throughout R. In other words, the map does not single out any special region of R.
In this vague sense, all the examples of Section [3| are translation-indifferent, even
the finite modifications of quasi-lifts, because the modification does not alter the
nature of the map there. Suppose that T  preserves a Lebesgue-absolutely continuous
measure j, which we assume infinite due to translation-indifference.

We call global observable any complex-valued function F' € L>°(R, i) such that

1 xo+r
a(F) := lim / Fdu (4.1)

roo i([wo — 7,20 + 7)) Jyyr

exists uniformly in zy, and independently of it, as the notation suggests. Clearly,
the class of all global observables forms a linear space, containing, for example, the
constant functions, all functions that differ from a constant by a bounded integrable
function, or all bounded F' with lim, o F(2) < 00, etc. Naturally, one is interested
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in more complicated observables, such as periodic, quasi-periodic and generally os-
cillating functions: to determine whether they are global observables, one should
know p.

If we restrict 7" to be a Markov map verifying (A5), we can view this definition
within the general framework presented in [L4l [L5, [L7]. We especially refer the
reader to [L7], which uses the same notation as the present paper and contains
several results needed here.

We first assume that 36,, 6, > 0 such that, Vj € Z,

This makes sense for translation-indifferent systems, cf. (A1) and (A6). The collec-

tion of sets ,
7/ = {U ]j
j=k

is called the exhaustive family relative to the Markov partition of T': its elements
play the role of “large boxes” in phase space. Since global observables are bounded,

it is easy to see that F' verifies (4.1)) if and only if

k< e} . (4.3)

1
li —— [ Fdpu—nu(F)| =0. 4.4
MBe veb ,U(V)/V n— i )‘ (44)
w(V)=M

We describe this situation by saying that the average of F' over V' € ¥, also denoted
pyv(F) == p(V)™" [, Fdu, converges in the infinite-volume limit to fi(F). The
notation

Lim oy (F) = (F) (4.5)

is short for (4.4). @(F) is called the infinite-volume average of F.

We also call local observable any complex-valued ¢ € L'(R, u). For any such g
we use the customary notation yu(g) := [, g dp.

Let us consider two (sub)classes G and L of global and local observables, respec-
tively. Relative to G and L, one says that the dynamical system (R, i, T') is mixing
of type (GLM1) if, for all F € G and g € L, with u(g) =0,

lim p((FoTm)g) =0. (GLM1)
n—o0
It is mixing of type (GLMZ2) if, for all F' € G and g € L,
Tim p((FoT")g) = m(F) u(g). (GLM2)

It is immediate to see that (GLMZ2) is equivalent to and implies (GLM1).
As they involve the pairing of a global and a local observable, we say that these are
two definitions of global-local mizing. (There exists another definition of global-local
mixing, which is a uniform version of (GLM2) and is denoted (GLM3) in [L7].
We do not consider it here.)

The following is a trivial consequence of a well-known theorem of Lin [Li].
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Proposition 4.1 An ezact dynamical system is (GLM1)-mizing for any choice of
G C L™ and for L= L' (viz. any choice of L C L').

PROOF. See |[L7, Thm. 3.5(a)].

When we consider the “decorrelation” between two global observables, we study
the so-called global-global mizing. We have two definitions for it. The system is
called mixing of type (GGM1) if, for all F.G € G, a((F o T")G) exists for all
sufficiently large n, and

lim 7((F o T")G) = fi(F) i(G). (GGM1)

n—oo

It is called mixing of type (GGM2) if, for all F,G € G,

lim py((F o T")G) = B(F) (G). (GGM2)

n— oo

The above limit, which we call joint infinite-volume and time limit, means

1
1 — FoT" — (1 = 4
| /V (F o T")G dy — 5(F) (G)| = 0 (4.6)

The second definition is in essence stronger than the first, as the following proposition
shows.

Proposition 4.2 If F\G € G are such that p((F o T™)G) exists for all n large
enough (depending on F,G), then

h;n py(FoT™G)=b = lim g((FoT")G) =0. (4.7)
V_ R n—oo

In particular, if the above hypothesis holds VF,G € G, then (GGM2) implies
(GGM1).

PROOF. See [L7, Prop. 2.3].

Some of the maps considered in this paper give a good sense of the relative
strength of (GGM2) and (GGM1), as the latter property will be trivially verified
while the former will remain an open question; cf. Proposition [4.5]

For an in-depth discussion on the meaning and relevance of the above definitions
we refer the reader to [L4]. Here we just point out that, in order for them to make
sense as indicators of decorrelation, it must be that, for all F' € G and n € N,

A(EF o T") = (F). (4.8)
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As shown in [[4], this is guaranteed by the following hypothesis: for all n € N,

lim w(T—"VAV)

Jim S =0 (4.9)

in the sense of the infinite-volume limit, as in (4.4)). The above is easily verified
for all dynamical systems which verify (A1)-(A2), (A5)-(A6). In fact, recalling the
definition (2.14]), if V' = |_|f:k I;, with ¢ — k sufficiently large, it is easy to see that

L—n(k—1) L+n(k—1)
|| cTvc || (4.10)
j=k+n(k—1) j=k—n(k—1)
whence
k+n(k—1) L+n(k—1)
Tvav ¢ || L u |1 (4.11)

j=k—n(k—1)  j=fl—n(k—1)

Using and , we see that the numerator of is bounded above by
(4n(k — 1)+ 2)6, while the denominator is bounded below by (£ —k+1)6,. But the
infinite-volume limit here corresponds precisely to the limit £ —k — +oo (uniformly
in k, ¢), whence the assertion.

4.2 Results for quasi-lifts and their finite modifications

Now, let T" be a quasi-lift of an expanding circle maps, as in Section We are
going to show that all the definitions of infinite mixing, both global-local and global-
global, are verified for suitable choices of the global observables.

If 1) is either a global or a local observable, and k € Z™, set

k—1
A = %Z@Doaj. (4.12)
=0

By (3.1)), this operator commutes with the dynamics, namely Ay (¢ oT) = (Apth)oT.
Now define

Gi = {F e L™ ‘ I, = Fyoo: lim | AF — Foflo = o} : (4.13)
—00

Gy :=spanc {F € L* |3 € R: F oo = efF}, (4.14)

where the bar denotes closure in the L*°-norm. In other words, G; is the space of all
essentially bounded functions whose (aZ)-average converges uniformly to a periodic
function (of period a); Gs is the space generated by the quasiperiodic functions w.r.t.
aZ. Clearly, Gy C Gy (observe that G, is closed). To see that all these functions are
global observables, we need to verify that every F' € G; possesses an infinite-volume
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average fi(F'), in the sense of (4.4]). In this case, V' is of the form [ak, a(¢+1)], which

gives:

—— | Fdu= / Fdy = —p1 F oo duy, 4.15
n(V) Jv (0 =k +Du(lo) Jar Io o ’
which, by the hypotheses on F', converges to
/ Fa dlulo =. ﬁ(F)7 (416)
I

as { — k — oo (that is, as p(V) — oo, uniformly in V € 7).

Examples of elements of G, are the functions E.(x) := €%, v € R. An example
of '€ Gi\ Gy is given by F' := 3., b;1y,, with (b;)ez a non-periodic sequence
such that {bay, box+1} = {0, 1}, for all k € Z.

We have:

Theorem 4.3 A quasi-lift of an expanding circle map, as defined in Section[3.1], is:
(a) mizing of type (GLM1) for any G C L™ and L = L';
(b) mizing of type (GLM2) w.r.t. G; and L*;
(¢) mizing of type (GGM1) and (GGM2) w.r.t. Gs.
PROOF. See Section Bl
The results we have for finite modifications of quasi-lifts are less satisfactory.

Definition 4.4 Given p, u,, two o-finite, infinite, measures on R, we write i = 1,
when they admit the same global observables and coincide on them. This means, for
all bounded F : R — C, fu(F) exists if and only if i, (F') does, and they are equal.

The above situation can occur, for example, when h, — h,, € L*(R,m), where
hy, h,, are the densities of p, p,, respectively.

Proposition 4.5 LetT be a finite modification of a quasi-lift T, which verifies (A1)-
(A7), and call p1, the measure preserved by T, (cf. Section[3.9). If T is Markov-
indecomposable and preserves a Lebesgue-equivalent measure jn such that @ = i,
then T is:

(a) mizing of type (GLM1) for any G C L™ and L = L';
(b) mizing of type (GGM1) w.r.t. G,.
PROOF. See Section Bl

Remark 4.6 The proof of Proposition will show that, if one drops the hypoth-
esis i = Ti,, statement (a) still holds. As to (b), one still has that lim,,_, @,((F o
™)G) =, (F)ia,(G), for all F,G € G,.
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4.3 Example: finite modification of a homogeneous random
walk

The results of the previous section convince one that the mixing properties of finite
modifications of quasi-lifts are harder to prove, in general, than those of quasi-lifts.
In particular this holds for the important notion that we have called (GLMZ2).
However, one expects (GLM2) to hold true for a large class of maps. In this
section we present one such case. Even though we pick a specific example, the
technique generalizes easily to other maps of the same kind.

Let T'=Tg be the map associated to the random walk given by

»—wco.'
=N w o

, (4.17)

Nel R
O~ O

== O ] =
N Ot = O

o Wl e
T w o
To =
-

with the convention that the entries of Q are null outside of the shown diagonal
strip. This matrix is doubly stochastic, so T" preserves m (Proposition . Also,
as indicated in (4.17)), its rows (g;x)x fail to be translations of one another only
for j € {—1,0,1}, hence T is a finite modification of a map T, representing a
homogeneous random walk. More examples of suitable @ can be constructed using
the ideas of [L3| App. A]. There is a sizable literature about finite modification of
translation-invariant random walks. Some recent references include [PSzl, [N, [PPL [IP].

We will show that the dynamical system (R,m,T) verifies a very strong in-
stance of (GLMZ2). Define ¥’ := {[—k,k] CR | k € Z"}. This exhaustive family
is smaller than the one we have introduced in , which in this specific case reads
VYV ={lk,{+1] CR| k<{€Z}. Inasense, up to inessential variations, #” is the
smallest collection of sets that make sense as an exhaustive family, because it con-
tains only one increasing sequence of sets that covers the phase space R. Therefore,
the class of functions

1 k
! o0 —/ e .
g = {FGL (R, ) ‘EIm(F) —klggo 2k+1/_dem} (4.18)

is essentially the largest class of global observables one can imagine for the dynamical
system at hand, because 7 is the infinite-volume average w.r.t. ¥”; cf. (4.4)-(4.5).

Remark 4.7 It is worthwhile to point out that G’ is not simply a larger class of
global observables than G; and G,. By using #” in lieu of ¥ here, we have changed
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the notion of infinite-volume average from m, cf. (4.3))-(4.5), to m’, cf. (4.18]), and
therefore extended the very concept of global observable. Notice that, if m(F') exists,

m(F) = m(F).

Proposition 4.8 The map T defined above is irreducible, conservative and exact.
Also, in addition to the statements of Proposition it is (GLMZ2) relative to
the exhaustive family ¥, the class of global observables G' and the class of local
observables L*.

PROOF. See Section [

Observe that no form of global-global mixing can hold for 7" w.r.t. G’. This is an
instance of a general phenomenon that in [L4, Sect. 3] we have called surface effect.
Very briefly, a counterexample is constructed by choosing, e.g., F' = G = O, the
Heaviside function, which belongs in G', with 7/(©) = 1/2. Since T has a bounded
action, in the sense of (Ab), it is clear that © o T"(x) = ©(x), for all |z| > pn (in
this particular case one can take p = 2). So, for all n € N,

1
i my (00 T)0) = (62) = 5 # (6"
contradicting both (GGM1) and (GGM2). (Recall that, in the latter, the con-
vergence in n is uniform w.r.t. the one in V', and viceversa.)

The above says no more and no less than: ¥ is the wrong exhaustive family for
the global-global mixing of quasi-lifts, or finite modifications thereof; cf. [L4], Sect. 3].
We still expect (GGM1-2) to hold for general classes of global observables, relative
to the exhaustive family 7.

5 Proofs

In this section we prove all the results stated in the previous sections (except for the
simplest ones, whose proofs have already been given). We start by laying out the
technical tools that will be needed in the proofs of all the theorems and propositions

of Section 2.2
For .7 = (joﬂj17 s 7jn—1) € Zn) set

By (A1)-(A3), {I J(.n) }jezn is a Markov partition for 7™ (as always, modulo the end-
points of the intervals) and m(/ J(.n)) < ON*. We call 4™ the generated o-algebra.

For n > 1, let .#™|x] denote the only element of {IJ(.n)} such that z € .#Z"[z] (in case
x belongs to two such elements, being an endpoint of both, we make the convention
that .#™[z] is the interval on the right). .#[z] will be short for .#*[z].
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Lemma 5.1 If x is a density point of A, with m(A) > 0, then

lim m(T"A|.#[T"(z)]) = 1.

n—oo

Proor. By the hypothesis on =,

lim m(A|.#"[z]) = 1. (5.2)
n—oo
Setting B,,, = 4" [z] \ A, (5.2) is equivalent to lim,, o m(B,,, | 4" [z]) = 0,
whence, by Corollary (Section of the Appendix),

lim m(T" By, | T". 4" [z]) = 0. (5.3)
n—o0
Since T™ is a bijection 4" [z] — 4 [T™(x)] and A [T"(z)]\T"A C T"B,.,., (5.3)
implies the lemma. Q.E.D.

Corollary 5.2 For d € Z", suppose that A is T%-invariant, with m(A) > 0; z is a
density point of A; and y an accumulation point of (T (z))nen. If y € (aj,aj41), for
some j € 7, then I; C A (this means, as always, mod m). If y = a; and (T (z)),
accumulates to y from the right (respectively, left), then I; C A (respectively I;_; C
A).

PrROOF. Evaluate the limit of Lemma on any subsequence (dn;);en such that
Tdmi(x) — y from the right/left, respectively. Q.E.D.

PROOF OF PROPOSITION [2.2]  Clearly C C €2, and so Z(C) C €. The first assertion
of the proposition will be proved once we show the reverse inclusion. This amounts
to show that the invariant set Zpq := Zp N € is null.

Suppose not. For j € Z, let §2; be the set of all x € 2 whose w-limit satisfies at
least one of the following conditions:

1. w(z) N (a;,a;4+1) is not emptys;
2. aj € w(z) and (T"(x))nen accumulates to a; from the right;
3. aj41 € w(z) and (T (x))nen accumulates to ajq from the left.

Clearly, €); is T-invariant, and so is Zpg N €2;. Since Zpg has positive measure and
the orbits of all its elements accumulate somewhere, there exists j € Z such that
m(IpaN§Y;) > 0. We claim that the orbit of a.e. x € I; returns to /; infinitely many
times in the future. If not, there would exist B C I;, with m(B) > 0, and N € N,
such that I; N Y,y 7" B is null. One the other hand, the typical x € Zpg N Q;
is a density point of the same set. Applying Corollary n (with d = 1) we get
I; C Ipo N ;. Thus B C Ipg N 2;, which is absurd because, by construction, no
point of B can belong to €2;.
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Observe that, in the terminology of Section , we have just proved that I; is
essential.

Now take any positive-measure A C I;. A.e. v € A is both a density point of
A and a recurrent point to /;. Choose one such z. The proof of Lemma shows
that there exists a return time n such that T"(A N .#"[z]) is so large within
A [T"(x)] = I; to have a non-null intersection with A. Since T acts as a two-sided
non-singular bijection .#" ! [x] — #[T"(z)], we obtain

m(ANT"A) >m(AN#" 2] NT™A) > 0. (5.4)

We have thus proved that I; cannot contain wandering sets, which is a contradiction
because I; C Ipo N Q; € D. This concludes the proof of the first assertion of
Proposition 2.2

For the second assertion it suffices to prove that every invariant A C €2, with
m(A) > 0, contains a positive-measure, invariant subset B which cannot be further
decomposed in invariant subsets of strictly smaller measure. So, consider one such A.
The previous arguments show that, for some j € Z, m(ANQ;) > 0 and I; T ANQ;.
Therefore B := Ip(I;) C A cannot be further decomposed in smaller invariant
subsets, ending the proof of Proposition [2.2]

We add a few remarks. The above conclusion states that Zp(I;) is an ergodic
component of T'. If we only take the forward images of I;, we see that (J,, . 7"1; € C,
because I; C C, as shown earlier, and T'C C C. With reference to the definitions of
Section see in particular and —let a be the unique index in N such
that j € Zs. Then M, = Ir,(I;) = U,enT™1; € C, and T, is conservative and
ergodic. Q.E.D.

5.1 Exactness

Recall that % denotes the Borel o-algebra of R. Let us introduce the other o-
algebras that we are concerned with. For n € N,

I ={Ae B |T"A=Amod m} (5.5)

is the T"-invariant o-algebra. (From now on, as declared in Section , we will always
imply ‘mod m’.) Clearly, if n is a multiple of k, #* C #". .# will be short for .#*.
The tail o-algebra is defined to be:

T = ﬁ T "A. (5.6)

n=0

Of course, #™ C .7, for all n € N.

Given a o-algebra o/ and a Borel B, we will denote by #NB :={ANB | A € &}
the trace of &/ in B.

At the core of all exactness proofs will be the following generalization of a crite-
rion by Miernowski and Nogueira [MN]:



26 Marco Lenci

Proposition 5.3 Consider the dynamical system (X, o ,v,S), where (X, o/ V) is
a o-finite measure space and S a non-singular endomorphism on it (i.e., v(A) =
0 = v(S7'A) = 0). Denote by & = {Ae o |S'A=A modv} and T :=
o2, S, respectively, the invariant and tail o-algebras. Clearly, & C . If,

n=0

VA € T with v(A) >0, In = n(A) such that v(S"TANS"A) > 0, then I = T .

In other words, under the above hypotheses, the non-null ergodic components of
S are also exact components. The proof of Proposition [5.3] together with a converse
statement, can be found in [L8, Prop. A.2].

PROOF OF THEOREM [2.3] We start by proving that, for all d > 1, the ergodic
components of 7% within Z¢ (equivalently, the ergodic components of (T'|z.)?) are
M -measurable. In fact, given a T%invariant A C Z¢, consider j € Z such that
m(AN1I;) > 0. Since A is in the conservative part of 7' (or 7%, which is the same)
the typical x € AN I; is a density point of A and is recurrent to the interior of I;,
w.r.t. T Corollaryshows that I; C A. Thus, #9NZ, C A4 NZc and the claim
is proved.

Consider an ergodic component E, C Z.. Since E, € ., it contains whole
Markov intervals. Set Z, := {j € Z | I; C E,}. For all j € Z,, Ir(I;) = E, and
I; is essential (by conservativity). So all these I; communicate with each other.
Therefore Z, is a communicating class Z, and FE,, is the corresponding M, cf. .
In particular, the periods of all intervals I; C E, are the same. Let d, > 1 denote
their common value. For the sake of simplicity, in the remainder of this proof we
write d for d,,.

Now fix A C E, with m(A) > 0. We are going to show that In € Z* such that

m(T™DIANTA) > 0. (5.7)

Therefore Proposition can by applied to T%|g,, implying that the ergodic com-
ponents of T¢ within E, are exact.

We start with a simple lemma concerning the return times of a state in a
countable-state Markov chain:

Lemma 5.4 Denoting R; :={n € Z* |p§7;) > 0}, and recalling that d; := g.c.d.(R;),
there exists n € R; such that n +d; € R;.

ProOF. By (2.1), R; is an additive set, therefore R; — R, is a Z-ideal. By princi-

pality, R; — R; = Zd;, therefore dn,n, € R; such that d; = n; —n. Q.E.D.
Choose j such that m(AN1I;) > 0. By Lemma[5.4]

T”l]j D) ]J, (58)

T D 0, (5.9)

for some ny € Z*. Thus, T¢T™1I; D I;. The Markov property of T¢ implies that
3B C T™1I; such that T9|p : B —> I; is a bijection. (Incidentally, B € .#.)
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In view of (5.8), 36 > 0 such that every A" C R with m(A’|I;) > 1 — § verifies
both

1
1
T A'|B 1—— A1
(T A|B) > 1~ (5.11)

where D is the distortion constant that appears in Corollary of Section
That corollary, together with the definition of B and (5.11]), gives

1
m(T™ A ) > 3 (5.12)

Therefore, by (5.10) and (5.12)),
m(T" A NT™ A > 0. (5.13)

At this point, observe that a.a. * € AN I; are both density points of A and
recurrent to the interior of I;, that is, .#[T"(x)] = I, for infinitely many n. Choose
any such x. By Lemma there exists a large enough ny such that m(7m?A|I;) >
1 — 9. This means that ([5.13)) can be applied with 72 A in the place of A’. More
precisely, m(T™ T2 td ANT™M+ 2 A) > (. By the non-singularity of 7', this inequality
holds as well if ny; + ny is replaced with any nd > n; + no, which proves .

So, the ergodic components of 7% inside E, are also exact components of T¢.
Let us study them. This part of the proof uses a standard argument from the
classification of states for Markov chains [S, Sect. VIII.2].

Choose j such that I; C E,. Define Z; := {j} and, for £ > 1,

Z;;:{kez

P > 0} . (5.14)

In other words, using also the Markov property of T, | | kez, I, =T'1 ;. Given k € Zj,

for all n such that p,(c’;) > 0 (and there are infinitely many of them, because all these

Markov intervals are contained in a conservative ergodic component of T') we have

p%M) > 0, hence n = —¢ (mod d) (because d; = d). This implies that the sets
z;= |J z, (5.15)
LeN
{=i (mod d)
defined for ¢ € {0,1,...,d — 1}, are pairwise disjoint. It is clear that their union is

the communicating class Z, that contains j, and so E, = M,, as observed earlier.

For i€ {0,1,...,d — 1}, set Eq; :=| | czv Ix- By the definitions |D(D
TEa,i = La,i+1 (mod d) (516)

which is one of the assertions of Theorem 2.3|
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It remains to prove that each E,; is an ergodic component of T¢. First off, since
E, = |_|§l;01 E,; is T-invariant, and by , T-%E,; = E,;. Suppose by absurd
that E,; could be split in two non-trivial T-invariant sets A, B. By the two-sided
non-singularity of the map, T—'A, T~*B would be non-trivial T%invariant subsets
of E,o. They would also belong to .#, as we have shown at the start of this proof.
So one of them, say T~*A, must contain I;. However, by definition of F, g, that is,
by definition of Zg, (U, cx T™I; = E,, giving that T™'A = E,, a contradiction.
This ends the proof of Theorem Q.E.D.

PROOF OF PROPOSITION [2.5]  The first assertion was all but shown in the previous
proof: a conservative ergodic component must be of the form M,, for some o € N.
Moreover, Z,, is an isolated class because T-'M, = M,. In other words, a € Niy,.

Viceversa, given o € N, consider the T-invariant set A := M,N¢): its Lebesgue
measure can be either positive or zero.

If m(A) > 0, Corollary |5.2| (with d = 1) entails that I; C A, for some j € Z,. By
definition of communicating class, Vk € Z,, dn > 1 such that T"I; D I;,. This shows
that A O M,, whence A = M,. It also shows that I; has infinitely many Markov
returns. The same arguments as in the proof of Proposition prove that there
are no wandering sets in /;. Since j is arbitrary, M, C C. But M, is T-invariant,
whence M, C 7.

In the case m(A) =0, M, C Zp by Proposition

Lastly, observe that #Z, < oo entails that M, is compact, which implies the
first of the two cases above. Q.E.D.

PROOF OF PROPOSITION [2.6] Let E, be an ergodic component of Z¢p, whence
m(E,) > 0. Recall the definition of Q; from the proof of Proposition For at
least for one j, the invariant set £, N€); has positive measure. The same arguments
as in the aforementioned proof show that I; is essential and it is contained in E,. It
follows that Z,, the communicating class that contains j, is essential, and M, C F,.
Then TM, = M, and E, = E,, for both are the ergodic component containing /;.

Lemma 5.5 A positive-measure W C M, is a wandering set for T if and only if it
15 a wandering set for T,, namely, the conservative and dissipative parts of T and
T, coincide within M,.

PROOF OF LEMMA /5.5 Given W as in the statement of the lemma, set
W) =T'WnM,=T,"W; (5.17)
W =T "W\ M,. (5.18)

Of course, T"'WNW # @ & T 'WNW # @. Also, since T"'M, D M,, one
has that T-*W, N M, = @, Vk > 0. Applying the same reasoning with 7, 'W in
the place of W and so on, recursively, we establish that, for all n > 1,

T7"WNW#0 <= T.,"WnNW # g, (5.19)
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which was to be proved. Q.E.D.

By definition of T, cf. (2.9), Z, is an isolated class for T,, which is irreducible.
Proposition [2.5, applied to T, instead of T', proves that one, and only one, of the
following occurs:

1. T, is conservative and enjoys all the ergodic properties listed in the statement
of Theorem By Lemmal[5.5 M, C C;

2. T, is dissipative. By Lemma [5.5 M, C D.

In view of and the inclusion T7'D C D, the latter case implies £, C D,
which is impossible because F,, is a mixed ergodic component by hypothesis. So the
statement about the ergodic properties is proved.

Now consider W := T~ M, \ M,,. Certainly m (W) > 0, otherwise T-'M, = M,
and £, = M, C C, which is false, again because F, C Z¢p. This proves in particular
that Z, is not an isolated class, hence a € Ni... One readily checks that the sets
{T"W }hen are pairwise disjoint, so W is T-wandering. Moreover, |J T "W =
E,\ M, CD.

For the first part of Proposition it remains to show that w(x) = M,, for a.e.
x € E,. But this follows trivially from — and the fact that T}, is conservative
and ergodic.

neN

Viceversa, suppose a € N, This implies that T-'M, D M, (strictly mod m,
according to our convention). The arguments used in the paragraph before the last
one prove that m(E, \ M,) > 0 and E, \ M, C D.

Now, set A := M, N2 This is a T,-invariant set, so the proof of Proposition
[2.5] applies, with T, in lieu of T. There are two cases:

1. m(A) > 0. In this case, A = M, is a conservative ergodic component of
T,—the unique component, in fact. By Lemma 5.5, M, C C;

2. m(A) = 0. In this case, a.e. point of M, has an empty w-limit w.r.t. T,
equivalently, w.r.t. T. By Proposition 2.2 M, C Zp.

Observe that the two cases above correspond to the two cases described in the first
part of this proof. In any event, the first one gives E, C Z¢p, and the second one
gives E, C Ip. As in the proof of Proposition #7Z, < oo implies the first case.
Q.E.D.

PROOF OF THEOREM [2.11] For z € Zp = R\ Q (cf. Proposition 2.2), one and
only one of the following occurs:

1. lim T"(x) = +oc;

n—oo

2. lim T"(z) = —o0;

n—oo
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3. limsup 7" (x) = 400 and linl)inf T"(z) = —o0.
n—o0 n—00

In the third case, (A5) implies that the orbit of x intersects [0, p| infinitely many
times, thus having an accumulation point there. This is a contradiction, and so
Ip =Dy UD ..

The remaining assertions will be proved only for D, ., the arguments for D_,
being completely analogous.

Assume (A6) and m(D.) > 0. By definition of the invariant set D, the orbit
of a.e. © € Do visits an infinite number of distinct intervals I , with m(Z;, NZp) >
0. Here (j,)n is a subsequence of Z which depends on z. By (A6),

> m(I;,) = . (5.20)

On the other hand, a.e. © € D, is also a density point of D, ,. Hence, by Lemma
and (5.20)), m(Dw) = oo.

Lastly, we assume (A7) too and prove that D, ., is an exact component of T
We need the following distortion lemma.

Lemma 5.6 Under the assumptions (A1)-(A7), there exists Dy > 1 such that, for
all measurable A" C R and all j € Z, m(A'|1;) > 1 =3 implies m(T A'|1;) > 1— D4,
for all kyj < k < koj (equivalently, for all k such that I, C T1; =: J;).

PROOF OF LEMMA . Recall the meaning of the constants 0,6,, x; cf. (Al),
(A5)-(A7) and following remarks.

For A', j, k as in the statement of the lemma, set B := I;\ A". By (A1), m(B) <
060. By Corollary [A.3, T expands B by a rate that is at most D times the average
expansion rate of I;:

m(TB) m(TI;) K0

< <D—. 5.21
w(B) =7 ) =0, 20
In the worst case, T'B lands entirely in I, whence m(T B|I;,) < Dx(6/0,)*5. Setting
D, := Dk(6/6,)? and noticing that TA’ N I D I \ T'B yields the desired result.

Q.E.D.

Back to the proof of Theorem [2.11} given A C R, we say that a set of the type
C= |_|f;:1 Iy is A-prevalent if ¢ —i+1 > k and m(A|I;) > 1/2,Vk € {i,i+1,... ¢}
In other words, C' is made up of at least kK Markov intervals, in each of which the
relative measure of A is bigger than half;  is the positive integer defined in .

Suppose, by absurd, that A, B C D, are disjoint, T-invariant and of positive
measure. We prove that, for a typical z € A, x,, := T™(x) belongs to an A-prevalent
set, for all n large enough.

In fact, set § := D" /2, where D is the universal constant provided by Lemma
5.6, By Lemma and the invariance of A, In; = ny(z) such that, Vn > ny,
m(A|A [x,)) > 1—6. Applying Lemma 5.6 recursively x — 1 times gives m(A|l;) >



Markov maps of the real line 31

1/2, for all I, € T* ' #[x,]. Observe that, by (A2) and (A7), T L [z,] =
|_|f;:i I, for some i < ¢ that depend on x and n. If we show that

(—i+1>k, (5.22)

we have proved that T" . #|[z,] is an A-prevalent set that contains x,,._ ;. This
would give the assertion made in the previous paragraph, because the above ar-
gument holds for all n > ny(z). But is easily verified: by (A2) and (A7),
(174 [,]) >0 is an increasing sequence of sets that are unions of adjacent Markov
intervals. The sequence must be strictly increasing, otherwise, for some j, T7.# [z,]
would be forward-invariant, contradicting that z,,; — 400, as j — oco. This implies
that T"~ 1. #[x,] is made up of at least  intervals, which is precisely .

So there are infinitely many A-prevalent sets in any right half-line of R. On
the other hand, applying the above to a typical y € B, we have that vy, := T"(y)
belongs to a B-prevalent set, for all large n. But y, — 400, and the distance
between v, and y,_1, in terms of intervals, is at most x — 1. This means that, for n
big enough, a point 1, must fall in an A-prevalent set. But this is a contradiction,
since A-prevalent sets and B-prevalent sets cannot overlap. Hence, A and B cannot
be disjoint and D, ., is an ergodic component.

To prove that it is also an exact component we apply Proposition to T'|p, ...
In fact, given A C D, ., the arguments used earlier show that, for a.e. x € A and
all large n, depending on z, m(T"A|.#[z,]) > 1 —1/2D, > 1/2. By Lemma
and (A7), m(T""YA| A [z,]) > 1/2, whence m(T" AN T"A) > 0, which is the
hypothesis of Proposition [5.3 Q.E.D.

5.2 Quasi-lifts and finite modifications

PROOF OF PROPOSITION [3.1]  Because of (A7) and (B.1)), T is aperiodic and
Markov-indecomposable. Recall that for this map C = Zy. If T' is not dissipative,
then it is conservative, irreducible and exact by Corollary [2.4)(d).

If T is dissipative, Proposition [2.8 and Theorem [2.11] entail that there are at
most two exact components: D, ., and D_,,. Suppose that neither has measure
zero. By (3.1)), both components are invariant for the action of o, thus m(Dis|I;)
is constant in j. But the proof of Theoremshows that there exists a (sufficiently
large) j such that m(Di|L;) > 1/2. This, then, holds for all j € Z. The same can
be proved for m(D_|l;). It follows that our assumption was wrong and there is
only one exact component.

In order to characterize which type of exact component R one obtains, depending
on ¢, we look at S,¢(y) := Z;(l) ¢ oT,(y), the Birkhoff sum of ¢ for the dynamical
system ([0, a), ptq, T,). The collection of all these random variables is also referred
to as the (additive) cocycle generated by ¢. Any such cocycle is called recurrent if,
for pq-a.e. y,

liminf |S,¢(y)| = 0. (5.23)
n—oo
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A classical result by Atkinson [At] shows that, if T, is ergodic and ¢ is integrable
w.I.t pt—both holding here—then (5,¢)nen is recurrent if and only if E,(¢) = 0.

Suppose this is the case. The iterates of the Z-extension T, cf. Section are
of the form

T3y, 5) = (T3 (y),J + Sud(y))- (5.24)

By —, the T,-orbit of m-a.e. point of [0,a) x {j} has infinitely many
returns there. Passing to its conjugated map 7', this means that a.e. x € I; has
infinitely many returns to I;. Thus, T is conservative. (This is obvious by the
invariance of u, but would hold anyway by the Markov properties of T, cf. proof of
Proposition [2.2] )

Suppose instead E,(¢) > 0. The ergodicity of T, gives that, for a.e. y € [0,a),
limy, 00 Sp@(y) = +00. Once again, and the correspondance between T}, and
T prove that lim,, ., T"(z) = +oo for a.e. € R, namely, R = D, ... Analogously
for the third case. Q.E.D.

PROOF OF PROPOSITION [3.2] T is Markov-indecomposable by hypothesis and
aperiodic by (AT7). If C = Z¢ has positive measure, then, by Corollary ( d), T is
conservative, irreducible and exact, ending the proof of the Proposition.

Hence, let us assume that D = Zp = R. Using the notation of Section [3.2] let us
see what implications this has on the dynamics of 7T,,.

We denote by C, the conservative part of 7, and by D9 the sets defined in
Theorem [2.11] relative to T,. By Proposition [3.1} one of these sets is the whole R
and T, is exact. If R = C,, ergodicity and conservativity entail that the forward
T,-orbit of a.e. x € R intersects B := |_|§°:_,€o I;. This occurs in particular for a.e.
x € R\ B, where T, and T coincide, implying that the forward T-orbits of a.a. z € R
accumulate in B. This conclusion contradicts the dissipativity of T', i.e., R = Zp.

Therefore, either D] or D?  has full measure. Suppose, w.l.g., that it is DY .
We want to prove that the same occurs for D, equivalently, m(D_.,) = 0. Assume
the contrary and define, for ¢ € N,

Ay = {l’ eD_o

T'(x)e || L, Vn> z}. (5.25)
j<_ko

Clearly, A, C Agyy and Jyey A = D—. Thus, 3¢ such that m(4,) > 0. On

the other hand, T°A, C D°__, because T°A;, C T'D_,, = D_,, and T"(x) =

T (x), ¥n > £ (as all such points lie outside of B). The non-singularity of 7" gives

m(D°_) > m(T*A,) > 0, which is a contradiction. Thus, our assumption was
wrong and Do, = R mod m. Finally, T' is exact by Theorem [2.11] Q.E.D.

As promised in Section [3.2] we present here a stronger version of Proposition
B.2] together with its proof.

Proposition 5.7 Let T be a finite modification of the quasi-lift T,. Denote by u,
the o-invariant measure preserved by T,, and by ¢, discrete displacement function
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forT,, as introduced in Section[3.1. Suppose that T verifies (A1)-(A7) and preserves
a Lebesgue-equivalent measure p with the following properties:

(1) 305 > 0 such that u(1;) < 6, Vj € Z;

(i) =R, (Definition[{.4)).

Then R equals C, Dy, or D_o, depending on E, (¢,), the drift of T,, being, re-
spectively, zero, positive, or negative.

Observe that, unlike Proposition [3.1], the case R = C does not guarantee that
T is exact (cf. Countexample 3 of Appendix [A.1). But, if 7" is also Markov-
indecomposable, exactness holds by Corollary ( d). This shows how Proposition

is a corollary of Proposition [5.7]

PROOF OF PROPOSITION [5.7.  We use notation and several arguments from the
proof of Proposition [3.2

If E, (¢,) =0, that is, C, = R, the part of the previous proof that shows that
a.a. orbits accumulate in B still holds. Since Z¢p is null by the invariance of p, it
must be C = R.

IfE,,(¢o) > 0, namely, D}, = R, the argument given earlier whereby m(D_.,) =
0 continues to work. But m(D, ) > 0, because D, coincides with D} =R on a
large set on the “right end” of R. In order to prove that D, has full measure, we
need to verify that m(C) = 0.

Suppose instead that m(C) > 0. We show that 3k, € Z such that

c=1|5L Diw=|]|L (5.26)

J<ki jzk1

Recall that C = Z¢ is .#-measurable by Corollary 2.4](a). If does not hold,
there exist j, € Z with I;, C C, and a positive-measure set of x € D, such that
x lies to the left of I;, and T'(z) lies to the right of I;,. Therefore, 3j; < ja such
that a positive-measure subset of such z belong in ;. Since D;o, = R\ C is also
A -measurable, I;, C D, whence TI;, C Dy,. But, for any x € [; with the
properties stated earlier, (A7) shows that both = and 7'(z) belong in T'I; . Since
T1;, is an interval, it must include [;, too, which is absurd, because I, C C. Thus
(5.26) is established.
For all ¢ > ky, set By := Uﬁ;}cl I;. The invariance of p gives

,u(Bg \ TﬁlBg) = /L(TilBg \ Bg) (527)

The above L.h.s. comprises all the points that leave B, in one iteration of T'; the r.h.s.
comprises all the points that enter B, in one iteration of 7. Now, recall the meaning
of ki, kep from (A2), and choose a sufficiently large ko > k; so that 7" and T,
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coincide on szi@—km I;. From now on, we restrict to £ > ky. Since |_|j2k1 I, =D
is T-invariant, points can only leave or enter B, “through its right end”. In formula:

koo ko,o0—i

BANT'By = | | || LeinT ey (5.28)
i=1 =0
lk1,0]—1 |k1,0|—2

T'B\B = || || IeinT ' (5.29)
i=0  j=1

We can replace T' with T, in the above r.h.sides, as already observed. As ¢ varies, the
resulting intervals are translation of each other and it is relatively straightforward

to evaluate their p,-measures: translate the r.h.sides of (5.28)) and (5.29) via the
maps o~ and 07, respectively. This yields:

k2.0
po(BNT ' Be) = >k pto(Iy NT,  I); (5.30)
k=1
k1,0l
po(T7' By \ Be) = > ki po(Io N T, T_y). (5.31)
k=1
Therefore, for all £ > ko,
k2,0
Ho(BNT ' B) = pio(T™'Be\ Be) = > kpo(loNT; ' Iy)
Py (5.32)
=—k1,0
= /’LO(IO) ]Euo ((bo) > Oa
as we have assumed.
Now consider the function
= Z (1Bk2\T_lBk2 B 1T_1Bk2\Bk2) © o'j_ (533)

jEz

Once again, observe that there is no harm in replacing 7" with 7, in the above
definition. Since F' is bounded and periodic, it is a global observable. For k& > ko,
set Vj = |_|f:k2 I, = [akq, a(k + 1)]. Tt is easily verified that

k

Fly, — Z (1Bz\Tleg - 1T*1BZ\BZ) (5.34)
=k

is a compactly supported bounded function whose L°°-norm is constant in k£ and
whose support, though varying with k, is always contained in at most 2(|ky |+ k2,0)
Markov intervals. Therefore, by the hypothesis (i), the integral of (5.34)) is uniformly
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bounded in k. But it is a requirement of Definition [{.4] that & be an infinite measure,
whence

k

> (WBNT'B) — (T By \ By)) =0, (5.35)
(=hy

the last equality coming from ([5.27). On the other hand, via the periodicity of p,
and F', and using (5.32)),

i (o) (F) = —— (1o(Biy \ T Biy) — pto(T "By \ Byy) > 0. (5.36)

k=00 to(Lo)
The hypothesis (i7) implies that the Lh.sides of (5.35)) and (5.36|) are the same,
which is a contradiction. Therefore, the supposition m(C) > 0 was wrong, proving
Analogously, E,, (¢,) < 0 gives D_,, = R. Q.E.D.

5.3 Infinite mixing

PROOF OF THEOREM [4.3] Assertion (a) comes from Proposition [.1 because T
is exact by Proposition [3.1]
As for (b), fix F' € G;. Using definition (4.12)), one verifies that, for all k € Z™,

p((F o T™)110,0k)) _ o™
A _/IO(AkF) T dpy,. (5.37)

This can be seen by writing 1jp ok = Z;:é 17, 0 077 and using the commutativity
of T and o, which are both p-invariant. By definition of Gy, for every € > 0, there
exists a large enough k such that, for all n € N,

/(AkF)oT”d,ujo—/ FaoT”d,uIO

Iy Iy

<e. (5.38)

Recalling from Section [3.1]the definition of the measure-preserving dynamical system
(Sa, pta, T,), we see that, since F, is a-periodic,

1
/FaoT"d,uIO:—/ F,oT"du,

Io M(Io) Sq
),
= Fad,ua
M(Io) Sa
— [ Fadus, =m(p). (5.39)
1o

as per definition (4.16]) (with the slight abuse of notation whereby the projection of
F, to S, = I is still called Fy).
The following lemma is an easy consequence of the exactness of T'.
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Lemma 5.8 If, for some b € C and ¢ > 0, the limit

lim sup p((FoTm)g)
-0 1(g)

holds for some g € L', with u(g) # 0, then it holds for all g € L', with u(g) # 0.

—-b| <e¢

PROOF. See [L7, Lem. 3.6].

Equations (5.37)-(5.39) show that the lemma can be applied, for any € > 0, with
b=7n(F) and g = 1jg ax), with k& depending on €. Therefore, for all g with u(g) # 0,

lim [u((FoT")g) — a(F)u(g)] = 0. (5.40)

n—o0

The case u(g) = 0 was already covered when we proved (GLM1). This ends the
proof of (b).

By simple density arguments, (GGM2) will be verified once the limit (GGM2)
is proved for any pair of quasiperiodic observables F,(G. More precisely, assume
Foo=¢9F and G oo = G, Notice that, if 8 # 0 mod 27 /a, then fi(F) = 0.
The analogous implication holds for G.

Set g = G1y,/u(1y). Since V' = [ak,a(f + 1)) = |_|§:k I;, we can write

‘ ¢ ¢
Gly = Z Gl = Z((G 0 0’)ls,) 0077 = p(Ip) Z ¢goo, (5.41)
=k

j=k j=k

whence, using the quasi-periodicity of F', the commutativity of T and o, and the
o-invariance of p,

i (F o TG) = (€—k+11)u(lo> /R(FoT”)ledu

J4
1 / 4 »
== [ (FoT"e"(goo ™) du
E—k+1j:k R

Zﬁ—k era(B+7)j /
== [ (FoT")gdpu. 5.42
{—k+1 R( ) (542)

In the last term above, the factor in front of the integral is bounded by 1 uniformly
in k, ¢, namely, in V', while the integral does not depend on it. In fact, the latter
term is p((F o T™)g) and, by (GLM2), converges to (F)u(g), as n — oo (since
Go C Gy).

We now have three cases:

1. 8 # 0 mod 27 /a. In this case u(F) = 0, therefore (5.42) converges to 0, as
n — oo, uniformly in V. In particular, it converges to 0 in the joint infinite-
volume and time limit; cf. (4.6)).
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2. f=0mod 27/a and y # 0 mod 27/a. In this case @(G) = 0 and the factor
in front of the integral in ([5.42) vanishes when ¢ — k£ — oo; that is, uniformly
in V as u(V) — oo, i.e., in the infinite-volume limit. On the other hand, the
integral is bounded by || F||«|/g||1, uniformly in n. This implies that, again, in
the joint infinite-volume and time limit, converges to 0.

3. Both  and 7 are 0 mod 27 /a. In this case the factor in front of the integral
is identically 1, @D no longer depends on V' and, for n — oo, tends to
W(F)u(g) = p(F)a(G), which is the same as the joint infinite-volume and
time limit, here.

In all these cases, the limit (GGM2) is verified.

In view of Proposition (GGM1) will be shown once we have proved that
a((FoT™) @) exists for all F, G € Gy and n € N. Once again, since  is a continuous
functional in the L*°-norm, it is enough to prove the assertion for F, G quasiperiodic.
But, in that case, F' o T™ is quasiperiodic by , which implies the same for
(F'oT™)G, which thus has an infinite-volume average. This completes the proof of
assertion (¢) of Theorem 4.3 Q.E.D.

PROOF OF PROPOSITION [4.5] As in the previous proof, assertion (a) comes from
Propositions [3.2] and [4.1]

Now for (b). Consider F,G € G, and fix n € N. Since T" is a finite modification
of 7", as emphasized in Section [3.2] the function (FoT™)G differs from (FoT)G by
a compactly supported and bounded function of R. This shows that i, ((F o T™)G)
exists if and only if 71,((F o T?")G) does, and they are equal. Theorem [4.3|(c) then
implies that

lim 72,((F o T")G) = 11, (F)15,(G), (5.43)

n—oo

for all F,G € G,. By the hypothesis on pu, the above holds as well with 1z in place
of 71, ending the proof of (b). Q.E.D.

5.4 The example of the random walk

PROOF OF PROPOSITION [£.8]  The irreducibility of T is apparent from the ex-
pression of Q, see and . The exactness then comes from Proposition
3.2l Moreover, the proof of Proposition (in Section shows that, under its
hypotheses, a finite modification of a conservative map is conservative. In the case
at hand, T, is clearly conservative, whereby 7' is as well.

Thus, Proposition will be proved once the limit (GLM2) is proved for any
F € G' and some g € L', with m(g) # 0; see Lemma [5.8] et seq. We take g to be of

the form
Gy = Z milp, (5.44)
JEZ
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where 7 := (7;) jez 1s a symmetric (i.e., m; = 7_;, Vj € Z) and half-monotonic (i.e.,
m; > mit1, Vj € N) stochastic vector on Z. In particular, g, is a density w.r.t. the
Lebesgue measure, namely, g, > 0 and m(g,) = 1.

The following lemma (which extends [BCLL, Lem. 7] to the non-homogeneous
random walk at hand) states in particular that the set of densities thus constructed
is closed under the action of the dynamics, that is, under the action of the Perron-

Frobenius operator P introduced in ((3.9)-(3.11)).

Lemma 5.9 If 7 is a symmetric and half-monotonic stochastic vector on Z and g,
15 1ts corresponding density on R via (m, then P"g. = g, ), where 7™ = 7 Q"
1s the evolution at time n of the initial state w for the random walk described above.
Moreover, 7™ is symmetric and half-monotonic.

ProOOF OF LEMMA [5.9  We prove all the assertions for n = 1 and the lemma will
follow by induction. For the sake of the notation, let us denote 7’ := ) = 7Q.

By (3.11) and (5.44), for all z € (k,k + 1), (Pgr)(x) = >_; m;qj = m,. This

means that Pg, = g. Also, by the symmetry properties of m and O,
T =) TGk = D TGk = Y Tk = Y Tk = T (5.45)
J J J J
Finally, using both the symmetry and the half-monotonicity of ,
iy — m = [(m_a + 7T_1 + 5w + ™ + m2) — (W + 51 + 2m2 + 73)]/9
= (4mg — 3m — 73)/9 > 0; (5.46)
7y — my = [(mo + 5wy + 2me + w3) — (7o + 2my + 3mo + 273 + 74)]/9
= (3m — g — w3 — m4)/9 > 0; (5.47)

and, for k > 2,

71';C — 7T,;+1 = [(ﬂ'k_g + 27Tk_1 + 37Tk + 27Tk+1 + 7Tk+2)
— (71 + 27 + 31 + 272 + Thts)] /9
:(7Tk—2+7rk—1+77-k_77—k+1_7Tk+2_7rk+3)/9>0- (548)

Therefore 7’ is decreasing on N and the proposition is proved. Q.E.D.
Now for the core argument. Without loss of generality we assume that m/(F) = 0

(for (GLM2) is trivial when F'is a constant). Set f; := fj 71 F dm. The assumption
implies that Ve > 0, 3¢ € N such that, Vk > ¢,

(5.49)
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By (3.9) and Lemma we have

/(F oT™)grdm = / Fg . dm
R R

ier (5.50)
= Z (”k - 7Tk+1> Z fi
j=—k
=: Sg + Sy,

where Sy and S} correspond to restricting the outer summation to Zi;% and > 77,
respectively. Observe that the third equality of (5.50]) comes from disintegrating the

density (ﬂ§n))j in “horizontal slices” of width 2k + 1 and height ﬂ,i — 7r,(€1)1

By (5.49) we obtain

|Sel <

>

j=—k

1

Tl/
T — 7Tl~c+1

<771(cn) - 7Tk+1> (2k+1) <

(5.51)

IN
DO ™
iyl

€
2’
=0

because EkeN(ﬂ,g ") 7rk+1)(2k +1) =2 ez 7r](.") =1, as in (|5.50)).

To estimate S, we need a property of the dynamical system which is an easy
consequence of its exactness.

Lemma 5.10 For all f € L*NL' and g € L',

lim m((foT")g) = lim m(f(P"g)) = 0.

n—oo n—oo

ProOOF. See [L7, Thm. 3.5(b)]. (In our terminology, see [L7], the above notion
is called local-local mizing, or (LLM), and is easily seen to be equivalent to the
zero-type property of [HK].)

Let us apply Lemma with f = 1_¢114 and g = gr. There exists N € N
such that, Vn > N,

¢ ¢
T = Grny dm = P"g,dm < . (5.52)
= r41 2| Floo
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Therefore

< NPl > (7 = 7 ) (2K +1) (5.53)
k=0
/-1 c

<IFle 3wV <3
j=—0+1

Since N is chosen depending on ¢, which in turns depends on ¢, (5.50)), (5.51)) and
(5.53)) prove the assertion. Q.E.D.

A Appendix

A.1 The importance of certain assumptions

In this section we present some examples—or rather counterexamples—of maps
which clarify the role of some of our less obvious assumptions. We refer in particular
to Theorem which describes the exact components of Zp, and Propositions |3.2
and which apply to finite modifications of quasi-lifts. All the maps we present
are Markov maps associated to random walks.

Counterexample 1:  With reference to Theorem [2.T1] this example illustrates the
relevance of (A7) for the exactness properties of 7" on Zp.

Let T be the map associated to the random walk with the following transition
probabilities:

Vi< =1, q—2=1/2, ¢;j = qjj+2 = 1/4;
Vi e {0,1}, ¢j—2=¢qj-1=qj0=qj1 = Q2= q3=1/6; (A.1)
ViZ2, Gig2=di5 =14 g2 =1/2.

All other g;j, are necessarily null. As seen in Section T verifies (A1)-(A6). It is
also irreducible.

Denote Reven = | |;e[27,2j + 1) and Roaqa := R\ Reven. For € € {even, odd}
indicate with DS the set of all x € R such that lim,, o, 7"(z) — *oo and T"(x) €
R, for all sufficiently large n. This defines four invariant sets. Once we prove that
all of them have infinite Lebesgue measure, we have shown that Zp has at least four
ergodic components. This demonstrates that, if (A1)-(A6) hold but (A7) does not,
the last assertion of Theorem fails, even for an irreducible T

So let us verify that m(D$) = oo, the proof for the other sets being analogous.
Consider the map 77 corresponding to the homogeneous random walk g; ;2 = ¢g;; =
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1/4, gjjio2 = 1/2, Vj € Z. Clearly T} 'Reyen = Reven and, by the transience of
the random walk, lim,, . 77"(z) — oo for all . This implies that there is an
infinite-measure set of x € Reyen such that 77" (z) > 2, Vn € N. Since T and T}
coincide on R>,, all such x belong to D", which therefore has infinite Lebesgue

measure. (A more refined analysis, using the arguments of Section , would show
that C = Zep = &, and the four sets {DS } are the exact components of T".)

Counterexample 2: The assumption (A5) is even more important than (A7) in
Theorem 2.11] The following example shows that if (A5) does not hold—even if
all other assumptions do—the tail o-algebra of a Markov map can be very large,
making the system very far from being exact.

Consider the map T representing the following random walk:

Vi<l, qjj=qj+1=1/2;

. ; . A2
ViZ2 =g =...= G212 1 = 1/(2]2 —J). (4-2)

In other words,

g2z —g), reljj+1), j<1;
T<x)‘{j+<2ﬂ‘2—j><x—j>, reljtl), j>2 (A.3)

The intervals I; = [j,7 + 1] provide an alternative Markov partition for T—see
Remark [3.5—relative to which the system verifies (A1)-(A4), (A6)-(A7). Evidently,
it does not verify (A5).

Using the notation of (A2), let us denote by 7; the branch of T" over [;, which is
expressed by the r.h.s. of . For 7 > 3, set

X; =7 ([2(3’1)2,212)) = 5

2U-D* _ 4
j—FQ—_j,j-i-l C 1. (A.4)

Define also X :=[ |55 X and Y :=(1,,, 77" X. By construction, T'|x is a bijection
X — Rxy6, hence T'|y is an invertible self-map of Y. See Fig.

Lemma A.1 m(Y) > 0.
Proor. It will suffice to show that m(/3NY) > 0. Set X} = [; \ X; and X' :=

|_|j23 Xg,‘- By "

oU-D* _j  oli-V? L
7 < —5r =2 2041, (A.5)

m(X}) <

For every n > 1, T™ acts as a piecewise linear bijection I3 N ﬂ?’;ol T—X —
[k, £, + 1), for some k,, ¢, > 3. Let us call this map L,. We have:

LNY =X;N [ T7"X = X350 () L, (X N [k, 6 + 1)), (A.6)
n=1 n=1
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=

Figure 5: A rough sketch of the map T of Counterexample 2. The
bold segments on the abscissa indicate the set X. The bold parts
of the graph of T  represent T'|x, which is invertible.

The integers k,, ¢, can be calculated recursively from the definition of X;. For
example, k1 = 24, ko =29 — 1, ky = 217 |y = 22"-D* _ 1 ete. A very generous
lower bound for k,, is n. In view of (A.5))-(A.6]), the complementary set of Y, w.r.t.

I3, measures

[e.9]

m(fgm GT‘”X’) < m(XG) + D m(Ly (X N + 1))
n=0 "=l (A7)

o £

— % +) 0> m(L,'X).

n=1 j=ky,
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On the other hand,

Ly,
m(L, ' X})

~

n

m(L,' X} | L, I;) m(L,, ' I)
kn

~

n

™

m(Xj'- | ;) m(L,, " 1) (A.8)

J

<y 2 ¥Hm(L))
J=kn
< 2—2n+1‘

kn
n

~ |l

In the above we have used, from top to bottom: the affinity of L_?| 1;» the inequality
(A.5), the lower bound n < k, < j, and the fact that L '[k,, 0, + 1) = I3 N
Ny T7°X, whose Lebesgue measure is less than 1.

The estimate shows that the l.h.s. of is less than 1, which is equivalent
to m(I3NY) > 0, as claimed. (Incidentally, by the same arguments as above, one
proves that m(Y N I;) > ¢, for some ¢ > 0 and all ¢ > 3, showing that, in fact,
m(Y) = o0.) Q.E.D.

The bijectivity of Ty : Y — Y ensures that, for all B C Y and all n € N,
B = T7"T"B, implying that B € 7, the tail o-algebra of T defined in ({5.6].
Equivalently, using the notation introduced in Section[5.1, 7 NY = ZNY. In more
suggestive terms, T' cannot lose memory about Y, as it is invertible there!

Counterexample 3: The next map is as much a counterexample for Proposition
[3.2] as an example for Proposition It is a finite modification of a quasi-lift which
preserves the same measure as the quasi-lift, but fails to be exact because it is not
Markov-indecomposable or, which is the same here, because it has more than one
conservative ergodic component.

Let T correspond to the random walk given by:

q-1,—2 = 1/37 q-1,-1 = 2/3;
Q.0 = 2/3, qo1=1/3; (A.9)
Vj % {_170}7 4ii—1 = 455 = 4jj+1 = 1/3.

T is a finite modification of a map T, which is associated to a homogeneous random
walk. The latter is thus a quasi-lift. By means of Proposition [3.6] one readily checks
that both 7" and T, preserve m. On the other hand, T-'R* = R*, showing that T
has at least two exact components. In fact, it is not hard to see that T is conservative
and F;, := R*, E, := R~ are the only two exact components. Since these sets are
unions of Markov intervals, 1" is Markov-decomposable.
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Counterexample 4: Finally, we show that the preservation of a measure equiv-
alent to Lebesgue is also a crucial hypothesis for both Propositions and 5.7
Let T be given by this random walk:
q-1,—2 = 1/3, q-1,-1 = 2/3;
q11 = 2/3, d1,2 = 1/3, (AlO)
Vig{-1,1}, qjj1=¢q; = =1/3.

This is a finite modification of the same T, as in the previous case. In this case,
however, T" does not preserve an m-equivalent measure, as can be seen, e.g., by the
fact that [0, 1] has only one inverse branch, which contracts by a factor 3.

What happens is that T|g- : R~ — R~ and 7T|g., : Rs>; — R5; are exact.
Also, the Markov interval Iy ; = [0,1/3] feeds R™; Io; = [2/3,1] feeds Rs; and
Ino =[1/3,2/3] feeds both R~ and R>;. There are only two communicating classes,
Z, and Zsy, which are terminal. The corresponding sets are, respectively, M; = R~

and My = Ry, with basins F; = Reyyp and By = Ryoyj; cf. (2.2), (2.8)-(2.9).
Lastly, T" is Markov-indecomposable because I feeds both M; and M,.
In conclusion, T is not exact and R = Z¢p, contrary to both the statements of

Proposition [3.2] and Proposition

A.2 Distortion

In this section of the Appendix we prove a standard distortion result that is used in

Section .11
Lemma A.2 Under the hypotheses of Sectz’on@ and using the notation , there
exists D > 1 such that, for alln>1, 3 € Z"™, x,y € IJ(.n),
i < Y@L g
Tyl
PROOF. For 0 < k < n, set z; := TF(x) and y; := T*(y).

Convention. The notation (zy, yx) denotes both the interval (xy, yx), when xp < yg,
and the interval (yx, zx), when yp < k.

By definition of I J(.n), see 1' we have
(@rs Yi) C Lijg,jmn)s (A.11)

so that T is twice differentiable on (zy, yx). Therefore,

T/
log Z log | ()]

Z/k

—QX@W‘$M4MMﬁ&W (A.12)

_ T () 1 _—
S| T@ ) T )
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where z; € (z;,v;). By (A.11)), using (A1) and (A3), we get |x; —y;| < OA\"~*, which,
using (A4) as well, gives

[(T™) ()| - ~i_ no
log —+5 | < E NNt < ——. (A.13)
(T W |~ = 1=
Renaming the rightmost term of (A.13)) log D yields the assertion. Q.E.D.

Corollary A.3 Let 5 = (jo,j1,---,7n) € Z"' be such that m([J(.nH)) > 0. If
B C I ") then T"B C I, and

m(T"B) < m(B)

. — n+1)y "’
m(1;,) m(I{")
PrROOF. By construction, T"1 J(.nH) = [;,, giving the first assertion. As for the
second,
m(T"B) _ Jpl(T")(@)[de  _ maxp|(T")]| _m(B (A14)
m(Tn[J(,nJrl)) fIJ(_nH) (TY (2)|do — mlnj;nﬂ) (T m([](nJrl 3
which, through Lemma [A.2] yields the corollary. Q.E.D.
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